The mitochondrial DNA base modification 8-hydroxy 2=-deoxyguanine (8-OHdG) is one of the most common DNA lesions induced by reactive oxygen species (ROS) and is considered an index of DNA damage. High levels of mitochondrial 8-OHdG have been correlated with increased mutation, deletion, and loss of mitochondrial (mt) DNA, as well as apoptosis. 8-Oxoguanosine DNA glycosylase-1 (OGG1) recognizes and removes 8-OHdG to prevent further DNA damage. We evaluated the effects of OGG1 on mtDNA damage, mitochondrial function, and apoptotic events induced by oxidative stress using H9C2 cardiac cells treated with menadione and transduced with either Adv-Ogg1 or Adv-Control (empty vector). The levels of mtDNA 8-OHdG and the presence of apurinic/apyrimidinic (AP) sites were decreased by 30% and 35%, respectively, in Adv-Ogg1 transduced cells (P Ͻ 0.0001 and P Ͻ 0.005, respectively). In addition, the expression of base excision repair (BER) pathway members APE1 and DNA polymerase ␥ was upregulated by Adv-Ogg1 transduction. Cells overexpressing Ogg1 had increased membrane potential (P Ͻ 0.05) and decreased mitochondrial fragmentation (P Ͻ 0.005). The mtDNA content was found to be higher in cells with increased OGG1 (P Ͻ 0.005). The protein levels of fission and apoptotic factors such as DRP1, FIS1, cytoplasmic cytochrome c, activated caspase-3, and activated caspase-9 were lower in Adv-Ogg1 transduced cells. These observations suggest that Ogg1 overexpression may be an important mechanism to protect cardiac cells against oxidative stress damage.
HEART DISEASE is still the major contributor to morbidity and mortality in the United States and Worldwide. Some of the hallmarks of heart failure are increased oxidative stress, highenergy phosphate depletion, fibrosis, inflammation, and cell death (29, 37, 38) . During heart failure mitochondria produce more oxygen radicals than normal, resulting in a stressful oxidative environment (37) . Due to its proximity to the major site of mitochondrial reactive oxygen species (ROS) generation, mitochondrial DNA (mtDNA) is one of the cellular components most affected by oxidative stress. This is a significant risk factor as quantitative and qualitative defects in mtDNA have been associated with cardiac cell death (26) . mtDNA damage can trigger a series of events such as decreased transcription and incomplete assembly of the electron transport chain (ETC) complexes, which leads to decreased ETC activity and thus lower ATP synthesis, increased ROS production, and apoptosis (9, 14) . 8-Hydroxy 2=-deoxyguanine (8-OHdG) is one of the most common ROS-induced DNA lesions and is considered an index of DNA damage (19, 27) . High levels of mitochondrial 8-OHdG have been correlated with increased mutation, deletion, fragmentation, and loss of mtDNA (28, 31, 42) . 8-Oxoguanine DNA glycosylase 1 (OGG1), an enzyme in the initial steps of the base excision repair (BER) pathway, is present in the nucleus as well as in the mitochondria. OGG1 recognizes and removes 8-OHdG to prevent further lesions in DNA (1, 2) . Yeast studies provide evidence that OGG1 protects the mitochondrial genome from spontaneous as well as induced oxidative damage (36) . Vongsamphanh et al. (40) showed that mitochondrial overexpression of Ogg1 reduces the levels of 8-OHdG and decreases the formation of abasic sites, thereby preventing poly(GT) tract instability triggered by oxidative stress formation of lesions in mtDNA. Several studies have reported that mitochondrial OGG1 overexpression in conditions of oxidative stress protects pulmonary artery endothelial, oligodendrocytes, and HeLa cells against apoptosis (10 -12) . These findings indicate that mtDNA integrity is a key factor in cell survival, and OGG1 may be a critical player in maintaining mtDNA integrity.
With respect to heart disease, one recent study showed that transgenic mice with cardiac-specific overexpression of active mitochondrial OGG1 showed reduced cardiac fibrosis following transaortic constriction (41) . Despite this protection, the authors did not find significant reduction in cardiac hypertrophy or improvement in cardiac function as measured by echocardiography 13 wk after surgery. However, the study did not evaluate whether mitochondrial overexpression of Ogg1 affected mitochondrial function or apoptosis. Any protective effect of increased expression of mitochondrial Ogg1 on cardiac mitochondria under conditions of oxidative stress remains unclear. Thus the goal of our study was to evaluate the effects of mitochondrial Ogg1 overexpression on mtDNA repair, mitochondrial dysfunction, and apoptosis in H9C2 cardiac muscle cells under conditions of oxidative stress.
MATERIALS AND METHODS
Adenovirus vector. The full-length mouse Ogg1 was obtained from IMAGE clone ID 3498005 (ResGen, an Invitrogen) where it was unidirectionally inserted into pCMV-Sport6 (Invitrogen) SalI/NotI. Ogg1 was removed by digestion with SalI (blunt)/NotI and inserted into pENTR1A (Invitrogen) cut with EcoRI (blunt)/NotI to create the entry clone pENTR1A-mOGG1. pENTR1A-mOGG1 was recombined with pAd/CMV/V5-DEST (Invitrogen) via the LR recombination reaction using LR clonase II to generate the final construct pAD-mOGG1, a transfection-ready plasmid encoding the E1-and E3-deleted adenoviral genome and Ogg1 driven by the human immediate early CMV promoter. This plasmid was transfected into 293 cells to produce replication-incompetent adenovirus particles and was propagated to achieve high titer. Adenoviral particles were CsClpurified and quantified by plaque titer assay. Empty vector (control) adenoviral particles were produced similarly.
Treatment. H9C2 cells were plated in 15-mm Petri dishes with DMEM (4.5 g/l glucose) (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen) and 1% penicillin/streptomycin/fungizone and incubated at 5% CO2 and 37°C. At 80% confluence H9C2 cells were transduced with either Adv-Ogg1 or an empty vector (Adv-Control) and incubated for 24 h. The next day, the medium was removed, the cells were washed 3ϫ with 1ϫ PBS and fresh medium was added to maintain the cells for an additional 48 h incubation. Cells were then treated with 50 M menadione (Sigma Aldrich) dissolved in DMEM with no FBS for 1 h. After menadione treatment, cells were washed 3ϫ with 1ϫ PBS, fresh medium with 10% FBS was added, and the cells were kept at 5% CO2 and 37°C for an additional 2 h. Finally the cells were harvested and collected for the different assays.
Total protein extract. Harvested cells were washed twice with cold 1ϫ PBS. Then cells were lysed with a Teflon-glass homogenizer in a lysis buffer containing 0.25 M sucrose, 10 mM Tris-HCl (pH 7.5), 3 mM MgCl2, 0.1 mM EDTA, 0.05% NP40, and a mix of protease and phosphatase inhibitors (Thermo Scientific, Waltham, MA). The homogenate was centrifuged at 1,000 g for 10 min at 4°C, and the supernatant was recovered for protein determination and Western blot analysis.
Mitochondria isolation. For mitochondria isolation, cells were treated similarly as for total protein extraction. The lysis buffer consisted of 0.25 M sucrose, 10 mM Tris-HCl (pH 7.5), 3 mM MgCl 2, 0.1 mM EDTA, and a mix of phosphatase and protease inhibitors (Thermo Scientific, Waltham, MA). After homogenization, the homogenate was centrifuged at 1,000 g for 10 min at 4°C. The supernatant was recovered and centrifuged at 12,000 g for 15 min at 4°C. The supernatant was saved for mitochondrial quality analysis, and the pellet was washed in lysis buffer and centrifuged again at 12,000 g for 15 min at 4°C. Finally, the pellet (mitochondria) was recovered and suspended in 500 l of lysis buffer and used for protein determination and Western blot analysis.
Immunoblotting. Total and mitochondrial protein extracts were separated by SDS-polyacrylamide gel electrophoresis (NuPAGE 4 -12% polyacrylamide Bis-Tris, Invitrogen) and transferred to PVDF membranes (Immobilon-P, Millipore).
Primary antibodies used for immunoblotting included Ogg1 (Novus Biologicals); total OXPHOS cocktail, COXI and TATA binding protein (TBP) (Abcam); cytochrome c, ND4, Bax, Caspase-3, Fis1, Mfn1, Mfn2, Opa1 and actin (Santa Cruz Biotechnology); cleaved caspase-9, pDrp1 (ser616), pDrp1 (ser637), VDAC (Cell Signaling, Danvers, MA.); and Drp1 (BD Biosciences).
Membranes were incubated overnight at 4°C with primary antibodies and then with their corresponding horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The immunoblots were detected with Western Lightning enhanced chemiluminescence detection reagent (PerkinElmer LAS, Norton, OH). Band intensity was quantified with ImageJ software and expressed in arbitrary units (35) . Actin and VDAC were used as loading controls for total and mitochondrial extracts, respectively.
RNA extraction and quantitative real-time PCR. Total RNA was extracted from H9C2 cells using Trizol reagent (Invitrogen, Carlsbad CA), and transcript levels were measured by qRT-PCR. Gene-specific primers are listed in Table 1 . Primers were designed using PerlPrimer software (30) . First-strand cDNA was synthesized using the SuperScript III kit (Invitrogen, Carlsbad, CA). Synthesized cDNA was mixed with SYBR green-DyNAMO (New England Biolabs) and amplified using a 7300 Real Time PCR System (Applied Biosystems, Foster City, CA). All reactions were performed in triplicate. The relative amounts of mRNAs were calculated by using the comparative C T method (User Bulletin no. 2, Applied Biosystems). Actin was used as a control, and all results were normalized to the abundance of actin mRNA.
Mitochondrial and nuclear DNA isolation. mtDNA and nuclear DNA (nDNA) extraction was performed using kits from Wako Chemicals and Biovision Research Products (Mountain View, CA), respectively. The mtDNA and nDNA concentrations were measured using a Nanodrop Spectrophotometer ND-1000 (Thermo Scientific, Waltham, MA).
Mitochondria DNA content. The mitochondria DNA content was determined in a similar fashion as Ciapaite et al. (8) . Briefly, DNA was extracted using a kit from Biovision Research Products (Mountain View, CA). The mtDNA content was determined by qRT-PCR. The relative amount of mtDNA to nuclear DNA was calculated by using the comparative C T method (User Bulletin no. 2, Applied Biosystems) and was represented as a fold change compared with the control. The primers for mtDNA (COX1 and ND4) and nuclear DNA (PGC1␣) are shown in Table 1 .
8-OHdG determination. mtDNA and nDNA samples were prepared similarly to Kakimoto et al. (25) with slight modifications. Briefly, 60 g of either mtDNA or nDNA were mixed with 15 l of 200 mM sodium acetate (pH 5.3) and 6 units of nuclease P1 in 10 mM sodium acetate. The mix was incubated for 1 h at 37°C to digest the DNA into nucleotides. Then a mix of 15 l of 1 M Tris-HCl (pH 8.5), 5 mM EDTA and 6 units of alkaline phosphatase was added to the samples and the mixtures were incubated for 1 h at 37°C to hydrolyze the nucleotides to nucleosides. The nucleoside samples were used for the determination of 8-OHdG by an ELISA kit from Oxis Health Products (Portland, OR), following the manufacturer's protocol.
Abasic sites determination. The abasic sites [apurinic/apyrimidinic (AP) sites] in mtDNA were determined using a kit from Table 2 ). The set of primers L782 and H1309, L768 and H1296, and L797 and H1309 allowed us to determine the 4,834-bp deletion, which is the common deletion detected in mtDNA under oxidative stress conditions and that has been correlated with the levels of 8-OHdG (23) . The sequence primers L1576 and H1626 were used for control amplification of wild-type mtDNA. Sequencing and numbering are based on the published rat mtDNA sequence (13, 16, 45) . Briefly, PCR reactions contained 0.2 mM dNTPs, 0.3 mM of each primer, 1 unit of KOD Hot Start DNA polymerase (EMD biosciences) and 0.1 g of mtDNA template. The thermal cycling conditions were as follows: 95°C for 2 min, followed by 35 cycles at 95°C for 20 s, 60°C for 30 s, 70°C for 1 min., and 70°C for final extension for 5 min. PCR products were resolved on a 1% agarose gel. The gel was then stained with 0.5 g/ml ethidium bromide in 1ϫ Tris-borate-EDTA buffer. The bands were visualized on a UV transilluminator followed by Polaroid photography and the band intensities of the PCR products were quantified using ImageJ software (35) . The levels of mtDNA deletion were expressed as the band intensities relative to that of the control wild-type and normalized to the empty vector-treated cell mtDNA.
Mitochondrial membrane potential measurement. The mitochondrial membrane potential was measured by JC-1 as described previously (17) . Briefly, H9C2 cells were loaded with 0.5 mM JC-1 at 37°C for 15 min and washed three times with media. The cells were visualized under a Nikon Diaphot epi-fluorescence microscope equipped with a 40 ϫ fluor objective interfaced with a Photon Technologies, dual emission system, with the excitation wavelength set to 485 nm via a monocromator. Fluorescence emission was split and directed to two photomultiplier tubes through 20 nm band-pass filters centered at 531 and 584 nm, respectively. In addition, an aperture mechanism allowed fluorescence to be collected from a selected area, which was always positioned over the cytoplasmic region of individual cells. Data was shown as a ratio (F 584/F531). Loss of mitochondrial membrane potential is indicated by a decrease in the red (F584)/green (F531) fluorescence intensity ratio.
Mitochondrial fragmentation. After menadione treatment, the mitochondrial morphology was observed. Cells were stained with 10 Ϫ7 M MitoTracker Green FM for 30 min to visualize mitochondrial morphology and then washed 3 times with media (17) . Images were captured with a DeltaVision deconvolution microscope system (Applied Precision) located at the University of California, San Diego Cancer Center microscope facility. Using a 60ϫ (numerical aperture 1.4) lens, images of ϳ50 serial optical sections, spaced by 0.2 m, were acquired. The data sets were deconvolved using SoftWorx software (Applied Precision) on a Silicon Graphics Octane workstation. The morphological changes are described using the parameter of roundness [(perimeter length) 2 /(4 ϫ ϫ area)] using ImagePro-PLUS software (Media Cybernetics).
Statistical analysis. Statistical analysis was performed using the GraphPad Prism version 5.02 for Windows (GraphPad Software). The results were evaluated using a t-test analysis and P Ͻ 0.05 was considered statistically significant.
RESULTS
Our results indicate that beneficial effects of OGG1 occur only when cells were exposed to increased ROS levels generated by menadione treatment. There were no differences in the parameters measured when H9C2 cells were not treated with menadione (data not shown). These observations indicated that mitochondrial Ogg1 overexpression does not confer additional protection in nonoxidative stress conditions.
Western blot analysis showed that the mitochondrial OGG1 protein level was increased by 100% in cells transduced with Adv-Ogg1 compared with cells transduced with Adv-Control (Fig. 1) . There was ϳ35% increase in the nuclear OGG1 protein level in Adv-Ogg1 cells.
Mitochondrial DNA damage and base excision repair enzymes. In H9C2 cells not transduced with Adv, menadione treatment caused a 70% increase in the 8-OHdG compared with nonmenadione-treated cells (data not shown). In contrast, AdvOgg1 menadione-treated cells showed ϳ30% lower levels of mitochondrial 8-OHdG compared with Adv-Control menadione-treated cells. (P Ͻ 0.0001, Fig. 2A ). Nuclear 8-OHdG was not detected in either Adv-Control or Adv-Ogg1-transduced cells (data not shown), despite the higher nuclear OGG1 protein levels in Adv-Ogg1 cells. The AP sites were also decreased by elevated levels of mitochondria OGG1 (P Ͻ 0.005, Fig. 2B ). The mRNA levels of Ape1 and DNA polymerase ␥ (Fig. 2, C and D) , downstream enzymes of the BER pathway, were increased in Adv-Ogg1-transduced cells (P Ͻ 0.005 and P Ͻ 0.001, respectively). These results suggest that elevated levels of mitochondrial OGG1 may upregulate the expression of APE1 and DNA polymerase ␥ and stimulate the global BER pathway leading to an improvement in DNA repair activity.
Mitochondrial DNA fragmentation, mtDNA content, and levels of ETC proteins. High concentrations of mitochondrial 8-OHdG have been correlated with increased mtDNA fragmentation (20) . In the current study, mtDNA fragmentation was evaluated by measuring the frequency of a 4,834-bp Fig. 3 . mtDNA deletions and mtDNA content. A: PCR products amplified from mtDNA with a 4,834-bp deletion. PCR products representing a 4,834-bp deletion (top bands) and PCR product of the control primers (bottom bands). B: levels of the 4,834-deleted mtDNA were determined as the ratio of the signal intensity relative to that for the control mtDNA and were expressed as a percentage of levels measured in Adv-Control-treated mtDNA. Ogg1 overexpression significantly reduced mtDNA deletions under oxidative stress conditions. C: mtDNA content was determined by measuring the levels of two genes encoded by mtDNA, (ND4 and COXI) relative to the levels of a nuclear DNA gene (PGC1␣), and found to be significantly more abundant in Adv-Ogg1-transduced cells. Graph represents the fold change of mtDNA content relative to control. Bars represent means Ϯ SE. Experiments were repeated 3 times, and assays were done in triplicate. *P Ͻ 0.05, **P Ͻ 0.005. deletion that has been reported to be one of the most frequent deletions resulting from oxidative damage (13, 16, 45) . Figure 3 , A and B, shows that cells transduced with Adv-Ogg1 had ϳ50% lower levels of mtDNA deletion products (P Ͻ 0.05).
Increased mtDNA deletions induced by oxidative damage could cause loss of mtDNA content and affect the expression of the ETC subunits. We determined the mtDNA content in cells transduced with either Adv-control or Adv-Ogg1. Figure  3 , C and D, shows that the mtDNA copy number, using two different mitochondrial DNA encoded genes (ND4 and COX1), was higher in the Adv-Ogg1-transduced cells than Adv-control-transduced cells (P Ͻ 0.005). In a similar fashion the levels of ND4 and COX1 protein were increased by ϳ30% and ϳ70%, respectively, in the Adv-Ogg1 transduced cells (Fig. 4, B and C, respectively) . The levels of the ETC complexes, as determined using the total OXPHOS antibody cocktail, showed increases in CIII and CIV in Adv-Ogg1 cells (Fig. 4, E and F, respectively, P Ͻ 0.05).
Membrane potential. Cells overexpressing mitochondrial Ogg1 had an increase in several key ETC proteins. This would presumably increase the oxidative phosphorylation capacity of the mitochondria. Hence, we determined the membrane potential as an indirect measurement of the oxidative phosphorylation (Fig. 5) . The cells transduced with Adv-Ogg1 showed higher mitochondrial membrane potential than cells transduced with Adv-Control (P Ͻ 0.05).
Mitochondria fragmentation and fission-fusion proteins. Oxidative stress induces mitochondrial fragmentation (43) . Cells with increased expression of Ogg1 exhibited less mitochondrial fragmentation compared with Adv-Control cells (Fig. 6 , P Ͻ 0.05).
We measured the levels of mitochondrial fission and fusion proteins as evidence of mitochondrial fragmentation (4) . Immunoblot analysis shows that proteins inducing mitochondrial fission were reduced in Adv-Ogg1 cells compared with control cells (Fig. 7) . For instance, the phosphorylation status of DRP1(ser616) was significantly reduced in cells overexpressing mitochondrial Ogg1 (Fig. 7B, P Ͻ 05) . In a similar fashion the protein levels of FIS1 (Fig. 7D) and BAX (Fig. 7H) were lower in the Adv-Ogg1 cells (P Ͻ 0.05 and P Ͻ 0.01, respectively). However, mitochondrial fusion proteins were increased by elevated mitochondrial Ogg1 expression (Fig. 7) . Increased phosphorylation of DRP1 on serine 637 is associated with reduced fission events. Adv-Ogg1 cells showed increased phosphorylation of DRP1 (Ser637) compared with Adv-control cells (Fig. 7C, P Ͻ 0.01) . Similarly the protein levels of OPA1 (Fig. 7G) and MFN2 (Fig. 7E) were higher in Adv-Ogg1 (P Ͻ 0.01 and P Ͻ 0.05, respectively), which suggested increased fusion events. The higher levels of fusion proteins and the lower levels of fission proteins were in accordance with the decreased mitochondrial fragmentation seen in Adv-Ogg1-transduced cells (Fig. 6) .
Apoptosis. The results shown above indicate that protecting mtDNA against oxidative stress damage leads to decreased mitochondrial fragmentation and lower expression of mitochondrial fission proteins. Increased mitochondrial fission events are normally associated with apoptosis (18) . Several parameters of the apoptotic cascade were measured to determine whether apoptosis was decreased in relation to lower mitochondrial fragmentation accompanied by overexpression of mitochondrial Ogg1 (Fig. 8A) . For instance, the ratio of mitochondrial cytochrome c/cytoplasmic cytochrome c was significantly higher in cells transduced with Adv-Ogg1 (Fig.  8B, P Ͻ 0.0001) . The activated caspase-3 ( Fig. 8C) and activated caspase-9 (Fig. 8D ) protein levels were lower in the Adv-Ogg1 transduced cells than in the Adv-control cells (P Ͻ 0.05). This outcome suggests that increasing mitochondrial Ogg1 expression in oxidative stress conditions enhances cell survival.
DISCUSSION
The mitochondrial DNA base modification 8-OHdG is the major DNA lesion induced by oxidative stress and is considered a marker of oxidative DNA damage (27, 28) . Elevated levels of 8-OHdG have been associated with increased mtDNA deletions, mutation, and mtDNA loss (3, 6, 15, 21) . For instance, the levels of 8-OHdG and the mtDNA content were 50% higher and 75% lower, respectively, in the left ventricular tissue from end-stage heart failure patients compared with non-heart failure patients (22) . Tutsui et al. found that a decrease in mtDNA content and decline in mitochondrial function play major roles in the development of heart failure that occurs after myocardial infarction (37, 38) . In addition, age-related progressive decline of ventricular performance and a correlative increase in 8-OHdG with mtDNA deletions has been demonstrated in normal subjects, as well as positive controls. Increased mtDNA deletions have been proposed as the molecular basis for progressive mitochondrial dysfunction and the decline of cellular activity (24, 28) . In kidneys of . Immunoblot analysis showed that mitochondrial fission and mitochondrial fusion proteins were reduced and increased, respectively, in Adv-Ogg1 transduced cells. B-H: graphs represent the fold change of protein levels relative to control. Bars indicated means Ϯ SE. Experiments were repeated 3 times, and assays were done in triplicate. *P Ͻ 0.05, **P Ͻ 0.01. diabetic rats, a correlation between the levels of mitochondrial 8-OHdG and a 4,834-bp mtDNA deletion was suggested to be involved in the pathogenesis of diabetic nephropathy (25) . In this study, we found that H9C2 cardiac muscle cells with higher concentrations of 8-OHdG had elevated levels of a 4,834-bp mtDNA deletion and lower mtDNA content. However, we showed that decreasing the formation of 8-OHdG by elevated expression of mitochondrial Ogg1 was associated with decreased mtDNA deletions and higher mtDNA content. Importantly, we found that even when there was an increased expression of nuclear Ogg1 in Adv-Ogg1 cells, we failed to detect 8-OHdG in the nuclear DNA of both Adv-control and Adv-Ogg1 cells. Our results bring more evidence that mtDNA is more susceptible to oxidative damage and that the nucleus has more efficient DNA repair mechanisms, as other authors have reported (44) . In accordance with our findings, Chouteau et al. (7) failed to detect glucose oxidase-induced nuclear DNA damage in rat lungs, but mtDNA lesion was prevented by OGG1 fusion protein accumulated in lung cell mitochondria within 30 min of addition to the perfusion medium. While in our study the mechanisms of action of OGG1 seem to be associated with increased mtDNA repair activity, in the work by Chouteau et al. the effects seem to be associated with other rapid actions of OGG1 such as stabilizing mtDNA-protein interactions, as speculated by these authors. Further studies exploring the short-and long-terms effects of increased mitochondrial Ogg1 expression under oxidative stress conditions will be useful to elucidate the different mechanisms of action of OGG1.
Elevated OGG1 activity may paradoxically be associated with increased mtDNA fragmentation. OGG1 carries out the recognition and removal of 8-OHdG, leading to the formation of AP sites, which are then processed by APE1. As such, excessive OGG1 activity could theoretically overcome the repair capacity of APE1 which could lead to excessive numbers of AP sites, triggering single-and double-strand breaks and large mtDNA deletions. In practice, we found that this did not occur and that cells with high levels of OGG1 had lower levels of AP sites. Interestingly, we also found that the mRNA levels of Ape1 and DNA poly ␥, both downstream enzymes in the BER pathway, were increased in cells overexpressing mitochondrial Ogg1. These results suggest that elevated levels of mitochondrial OGG1 may upregulate the expression of Ape1 and DNA poly ␥ and stimulate the global BER pathway leading to an improvement in DNA repair activity. This outcome supports the mtDNA hypothesis of OGG1 as the ratelimiting enzyme in the BER pathway, as suggested by other investigators (34) . Thus it is possible that any event that adversely affects mitochondrial Ogg1 expression and/or activity would trigger a global BER pathway dysfunction and would consequently increase mtDNA damage. Indeed, studies have found that decreased BER activity, mostly by a downregulation of mitochondrial Ogg1 activity, was associated with increased mtDNA deletions in a rat model of aging (46) . The mtDNA deletions resulting from excessive 8-OHdG comprise a region that encodes protein subunits of ETC complex I, complex IV, and complex V. As such, these mtDNA deletions can decrease the protein levels of the ETC subunits and adversely affect the activity of the ETC. We observed that the protein levels of ND4 and COXI, mtDNA-encoded subunits of complex I and IV, respectively, were elevated in cells with high levels of mitochondrial OGG1. These outcomes highlight the important role of OGG1 in maintaining the integrity of mtDNA and preventing the loss of the mitochondrial protein subunits of the ETC.
Oxidative stress increases fission and fragmentation of the mitochondria, promotes the mitochondrial permeability transition pore (mPTP) opening, collapses the mitochondrial membrane potential, decreases ATP synthesis, and induces release of cytochrome c from mitochondria which activates the caspase cascade and increases apoptosis (18, 39, 42, 43) . Numerous studies have demonstrated that oxidative stress damage of mainly mtDNA may be the factor responsible for triggering those adverse effects (2, 19, 20, 22, 23, 33, 45) . Chatterjee et al. (5) demonstrated that mitochondrially targeted mutant OGG1 resulted in more cell death than nuclear-targeted mutant OGG1 upon exposure of cells to oxidative damage. Those results suggested that deficiencies of mitochondrial OGG1 lead to reduced mitochondrial DNA integrity, resulting in decreased cell viability. In this context, in vitro studies using different cell lines have shown that increased expression of mitochondrial Ogg1 as a means to repair damaged mtDNA attenuates or prevents mitochondrial dysfunction and apoptosis. For instance, targeting human OGG1 to mitochondria enhanced mtDNA repair and cellular survival after oxidative stress in HeLa cells (11) . In a similar fashion, overexpression of Ogg1 in mitochondria reduced the release of cytochrome c from the inner mitochondrial membrane and the activation of caspase 9 in oligodendrocytes after exposure to menadione (12) . In pulmonary artery endothelial cells overexpression of mitochondrial Ogg1 protected the cells against xanthine oxidase (XO)-induced mtDNA damage and cell death (10) . A similar study in the same cell line found that increased activity of mitochondrial OGG1 suppressed the XO-induced mtDNA damage and the XO-mediated loss of mitochondrial membrane potential (33) . Interestingly, mitochondrial Ogg1 overexpression attenuated XO-induced apoptosis as determined by suppression of caspase-3 activation, by reduced DNA fragmentation, and by blunted appearance of condensed, fragmented nuclei (33) . In INS-1 cells, Ogg1 overexpression in mitochondria decreased fatty acid-induced inhibition of ATP production and protected cells from apoptosis (32) . A recent study using transgenic mice with cardiac-specific overexpression of active mitochondrial Ogg1 presented reduced cardiac fibrosis following transaortic constriction (41) . Although the authors did not find any significant reduction in cardiac hypertrophy or improvement in cardiac function measured by echocardiography 13 wk after surgery, they did not evaluate any parameter directly associated with mitochondrial dysfunction, or apoptosis. We observed, however, that increased expression of mitochondrial Ogg1 in H9C2 cells had an impact on mitochondrial function. Increased levels of mitochondrial OGG1 in H9C2 cells attenuated the loss of mitochondrial membrane potential and decreased mitochondrial fragmentation induced by menadione treatment. Decreased mitochondrial fragmentation was associated with decreased expression of fission proteins (e.g., DRP1 and FIS1) and with increased expression of fusion proteins (e.g., MFN2 and OPA1). These results show for the first time that mtDNA integrity may play a role in the regulation of mitochondrial fission and fusion events. Analysis of apoptotic markers indicated that higher and lower levels of mitochondrial and cytosolic cytochrome c, respectively, reflected protection of mtDNA against apoptosis by Ogg1 overexpression. In addition, the levels of activated caspase 3 and activated caspase 9 were lower in cells overexpressing mitochondrial Ogg1. Our results provide evidence that efficient mtDNA repair activity in cardiac cells exposed to oxidative stress conditions is crucial to maintaining mitochondrial function and cell viability. Moreover, these findings suggest that mitochondrial OGG1 is the rate-limiting enzyme in the mtDNA-repair pathway.
In summary, mitochondrial overexpression of Ogg1 decreased the formation of 8-OHdG induced by oxidative stress. In addition, decreased levels of 8-OHdG were associated with increased mtDNA content, decreased extensive mtDNA deletions, as well as with improved mitochondrial function and cell survival.
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